We present a novel RT-PCR-based approach for determining the inactivation status of X-linked genes. Using cDNA from cloned female cell lines in which only the maternal or paternally derived X chromosome is active, we are able to demonstrate expression from only one allele in genes known to be inactivated. Following reverse transcription, amplification across a polymorphism will yield a product from a single allele if the gene of interest is inactivated, and products from both alleles in a gene escaping inactivation. We have verified this approach using the human androgen receptor and FMR1 loci which have been shown to be subjected to normal inactivation. The potential for widespread application of this approach was shown by the successful demonstration of inactivation at the MAOA and HPRT loci using intronic polymorphisms.
Introduction
Dosage compensation in mammalian females is achieved by the inactivation of one X chromosome early in development leading to the equality of X-linked gene products between male and female cells. 1 The inactive chromosome is not absolutely inert, this is demonstrated by the active expression of genes from the aptly named pseudoautosomal regions on the tips of the long and short arms. In addition, there are genes which are expressed from both the active and, at varying levels, the inactive chromosomes and are interspersed among other genes which are subject to regular dosage compensation. [2] [3] [4] At least 15 such genes have been described in humans, but of their mouse homologues, only the XE169 and UTX loci exhibit a similar escape from inactivation. 5, 6 The majority of these genes are found in three main clusters on the short arm of the human X chromosome, at the pseudoautosomal boundary in Xp22.3, in a region centered around the UBE1 locus at Xp11.23, and around the DXS1272E locus at Xp11. 21 . In contrast, there are examples of genes such as the RPS4X and ZFX loci which escape inactivation despite being closely flanked by inactive genes. Due to the paucity of current data, determination of the inactivation status of additional genes remains critical for the formulation and resolution of rival theories concerning the nature and spread of the inactivation process.
The most commonly employed means of determining the activity of an X-linked gene is via the construction of mousehuman somatic cell hybrids retaining only the inactive human X chromosome in a rodent background. As inactivation is effected at the level of transcription, detection of human specific transcripts by RT-PCR is suggestive of an escape from inactivation. This can then be confirmed by quantitation of the relevant transcripts from XO, XX, XXX or XXXX human cell lines. 7, 8 We present an independent RT-PCR based approach using cDNA from cloned human cell lines. In a clonal female cell line, only one of either paternal or maternally derived X-chromosomes is active in every cell. Given a suitable polymorphism in a gene of interest, amplification of cDNA from clonal female cell lines across the polymorphism will amplify products from only one allele in a gene that is subject to inactivation. In the case of a gene escaping inactivation, however, both forms of the allele will be amplified with the ratio of their respective products indicating the degree of escape from inactivation. We have confirmed the validity of this approach by demonstrating the transcriptional inactivation of the human androgen receptor (HUMARA), fragile X mental retardation 1 (FMR1), monoamine oxidase A (MAOA) and hypoxanthine phosphoribosyltransferase (HPRT) loci, all of which have been previously shown to be inactivated. Finally, we have applied the approach to the previously untested DXS977E locus and report preliminary evidence suggesting that transcription at this site may partially escape inactivation.
Materials and methods

Cell lines
Clonal cell lines were established from myoblasts obtained from muscle of consenting obligate carriers of DMD. Myoblast satellite cells were obtained from the biopsy sample by stirring in calcium and magnesium-free Hank's medium containing 0.25% trypsin (w/v) at 37°C for 30 min. Suspended cells were collected by decantation, concentrated by centrifugation and the entire harvest was plated to establish primary cultures. These were grown in Hams F10 containing
, dexamethasone (0.9 mg/L), epidermal growth factor (10 mg/L), 15% (v/v) foetal calf serum and gentamycin (50 mg/L). At confluence, the cultures were cloned by serial dilution employing 96 well plates plated at the appropriate dilution and growth from a single cell confirmed by microscopic examination. The clonal lines were then expanded to 24-well plates and harvested at confluence for total RNA extraction. Genomic DNA from whole blood was also obtained from the same individuals and X-inactivation analysis using the previously described methylation-dependent X inactivation assays at the HUMARA 9 and MAOA 10 loci revealed non- 
RNA extraction and cDNA synthesis
Total cellular RNA was prepared by the acid-phenol method. 11 cDNA synthesis was performed using the SuperScript Preamplification System (Gibco-BRL, Life Technologies, Inchinnon, UK) using random hexamers for first-strand synthesis.
PCR primers and conditions
Loci studied were the human androgen receptor (HUMARA), monoamine oxidase A (MAOA), fragile X mental retardation site (FMR1), hypoxanthine phosphoribosyl transferase (HPRT), and DXS977E which was identified as an EST
12
( Table 1 ). The following primers were employed: HUMARA primers P1 and P2, 9 MAOA primers 3-1 and 3-3, 10 FMR1
primers c and f, 13 HPRT primers a and b 14 and DXS977E primers 31A-L and 31A-R. 12 The annealing temperatures were 65°C, 54°C, 65°C, 63°C and 60°C respectively. Reaction conditions were 50 mM KCl, 10 mM TrisHCl (pH 8.0), 1.5 mM MgCl 2 , 200 mM dNTPs, 1 mM primer and 2U Taq polymerase (Promega, Southampton, UK). For the FMR1 specific PCR, 10% (v/v) DMSO and a 3:1 mix of 7-deaza-dGTP:dGTP in place of dGTP was used. Thermal cycling parameters were: hot start at 94°C, 5 min, denaturation at 94°C, 1 min, annealing (1 min), extension at 72°C (30 s) for 32 cycles except for FMR1 which was performed for 41 cycles. HUMARA, FMR1 and DXS977E reactions were performed radioactively using one primer end-labelled with 32P-dATP and alleles were resolved on 6% denaturing polyacrylamide gels and visualised by autoradiography. Ratio of band intensities were calculated from densitometric scans using the IS-1000. Digital Imaging System. The MAOA and HPRT reactions were conducted non-radioactively and were resolved on 3% NuSieve: 1% normal agarose gels in 1X TBE (0.9 M Tris-Borate, 20 mM EDTA).
Results
Inactivation of the HUMARA and FMR1 loci
The polymorphisms used to discriminate between the different alleles at these loci are located within a single exon in these genes (Table 1 ). This feature may also prove to be a consideration in any future studies of a particular gene of interest. Therefore, it is vital to ensure the absence of any genomic DNA, as contamination will result in amplification from both alleles. Because both the HUMARA and FMR1 genes have been previously shown to be inactive, we have used them to confirm the quality of the cDNA preparation and to demonstrate the absence of any genomic DNA. RT-PCR using HUMARA specific primers gave the following results ( Figure 1a ). All three individuals were polymorphic at his locus as seen by the two different alleles amplified from genomic DNA templates. However, only one of the two alleles was amplified from cDNA and from most of the putative clonal cell lines indicating complete inactivation of the gene at the transcriptional level, and the lack of genomic DNA in the cDNA preparation. In Ti, faint amplification of the lower (smaller) allele can be seen in the cDNA sample indicating trace amounts of genomic DNA. Essentially similar results were obtained for expression from the FMR1 locus in the informative cell lines from individuals Mo and Ti (Figure 1b) . In sample 2C5, however, a faint product corresponding in size to the upper (larger) allele can be discerned. As only one allele is amplified from the other two samples, the signal presumably originates from trace amounts of genomic DNA.
Inactivation of the MAOA and HPRT genes
In practice, it may be rare to find a suitable polymorphism within the exon of a particular gene of interest. As a result, we attempted to demonstrate if a similar approach would be successful on intronic polymorphisms which, in contrast, are comparatively abundant. As cDNA synthesis was primed with random hexamers instead of polyA primers, reverse transcription of a sufficient number of precursor mRNA templates from total cellular RNA should, in principle, allow successful amplification from intronic sequences. The MAOA and HPRT genes were selected for study as they have been shown to be inactivated and possess well characterised polymorphisms located in their introns. As seen in Figure 2 , the inactivation of both the MAOA and HPRT loci could be demonstrated by this method. Success with this approach using the relatively low sensitivity approach of ethidium bromide visualisation on agarose gels required considerable care and the quality of the RNA preparations may be crucial. We observed that three out of six reactions for MAOA and four of seven for HPRT failed to give adequate amplification, even when repeated using twice the amount of template (not shown). The low signal intensities suggest that the assay may be working at the limit of detection for such polymorphisms. It should be noted that for the cell lines derived from the individual Mo, the results agree with that for the HUMARA and FMR1 results (Figure 1 ) in that the same alleles are active 
Determination of the activity status of the DXS977E locus
Only myoblasts from the individual Mo were found to be polymorphic at this locus. PCR amplification of cDNA from the various clones derived from the Mo myoblast lines resulted in significant products from both alleles (see Figure 3) , suggesting that the locus escapes from inactivation. Although the result indicated that both alleles are transcribed, the signal from one is always weaker than that from the other, suggesting only a partial escape from inactivation. Low levels of DNA contamination could represent a possible explanation for the observed apparent transcription from both alleles; however, the correlation of the patterns observed for DXS977E allele expression in each of the clones is consistent with those deduced for the other X linked loci described in the previous sections. Analysis of densitometer scans of the autoradiographs suggested that its expression was at only about 30-40% of the presumptive, fully active allele.
Discussion
We have developed an RT-PCR based transcription assay to determine the activity of X-linked genes using cDNA from cloned cell lines. The primary requirement for the success of this approach is the existence of a polymorphism within the gene to be studied which thereby enables alleles from the active and inactive X chromosomes to be distinguished. Using primers specific for polymorphisms within the HUMARA and FMR1 loci, we have demonstrated the viability of this method. As these genes are known to be subject to inactivation, they also serve as preliminary tests to confirm the absence of any contaminating genomic DNA in the RNA preparation which will give rise to false positives. Because cloned myoblasts from primary cultures can only be passaged once or twice, this places a severe constraint on the number of cells that can ultimately be harvested for cDNA synthesis.
As a consequence, we have omitted the standard negative control (reaction without reverse transcriptase) because the RT-PCR results from HUMARA and from FMR1 represent a sufficient internal control for the detection of genomic DNA contamination. As a further control we attempted to amplify a portion of the CD4OL gene, which is not expressed in myoblasts from clonal myoblasts. No amplification was observed for any of the samples reported here (data not shown), indicating that any genomic DNA if present cannot support anything other than very weak amplification. As seen in the Results section, most of the cDNA samples gave only a single allele for HUMARA and FMR1 loci. The exceptions were Ti (HUMARA) and 2C5 (FMR1) where a faint product corresponding to the second allele was discernible.
Using an alternative approach, Brown et al 15 have shown transcription from inactivated genes to be from 0.2 to 5% of that from the active allele. Hence the trace of DNA that may be present in some preparations achieved with the purification procedures employed, is below that required to detect significant escape from inactivation and is therefore acceptable for this type of analysis. Particularly, given that several clones are recommended for study and the evidence suggests that trace DNA contamination is a feature only of a minority. For this study, we have found that the unmodified acid phenol method for total RNA extraction 11 gave the best results. Any cDNA preparations which were shown to be significantly contaminated with genomic DNA by the above method were discarded. Relatively few genes have easily recognized polymorphisms within the exons, therefore we also attempted to extend this approach to the intronic polymorphisms at the HPRT and MAOA loci as a test of the method's potential for wider application. Because the cDNA used for this study was reverse transcribed using random hexamers, intron-containing sequences from nascent RNA could reasonably be expected to be present as templates for PCR amplification. The results demonstrated the viability of this approach even with intronic sequences and confirm inactivation of expected patterns at these loci. Not all the samples, however, could be amplified, even by doubling the amount of template for amplification suggesting that the assay may be at the limits of its sensitivity in this particular formulation. The much higher sensitivity conferred by recent advances in fluorescent labelling and automated genotyping methodology may well provide the basis for extending the approach to any X-linked gene with intronic polymorphisms and whose unprocessed transcripts accumulate at a significant level.
Figure 3
Results at the DXS977E locus. Only the individual Mo was polymorphic at this locus (a) initial results, (b) amplification was repeated and exposed for a longer period thereby unequivocally displaying amplification products from both alleles (arrows) in cell lines derived from Mo, indicating escape from inactivation. The ratio of the band intensities for the alleles suggests only a partial escape (expression at about 30-40% for the weaker allele).
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The amplification of both alleles of the DXS977E locus with these same cDNA preparations suggest that this locus may escape, albeit partially, X chromosome inactivation. The pattern of expression from the different cell lines (derived from the individual Mo) agrees with that previously determined at the HUMARA locus indicating that this is not an amplification artefact. The weaker amplified bands are also unlikely to be artefactual stutter bands which can be generated during amplification as they are larger than the main amplified band, clearly corresponding to one allele, in two samples (3C8 and 3C12). In contrast, stutter bands are invariably smaller than the major band (as in Figure 1) .
It still may be that the more weakly amplified allele in each sample originates from trace amounts of genomic DNA. Against this interpretation, we have already shown the cDNA from 3C8 and 3C12 to be totally free of DNA in the HUMARA assay. Furthermore, the amount of template employed was less than that used for the MAOA and HPRT amplification which failed to amplify in some samples. We assume that this would not be the case if contaminating DNA were present in trace amounts as a template. Nevertheless, caution in the interpretation should be exercised and the result awaits further independent confirmation. DXS977E was originally isolated from a subtracted retinal cDNA library 16 and has been mapped to Xp11.4. 17 It is therefore of interest that two other genes from the same cytogenetic location have recently been shown to escape inactivation. 18, 19 Unfortunately, these loci still await fine mapping to demonstrate if they are clustered or interspersed among normally inactivated genes. A similar approach to the one we describe, exploiting well characterised differences between laboratory strains, has been used in the mouse to demonstrate the inactivation of the Rps4, Zfx and Ubel genes. 20 The method outlined in our study represents a general approach, using clonal cell lines for the determination of inactivation in humans. Given the ubiquitous distribution of polymorphisms, the demonstration of the assays' applicability to intronic polymorphisms indicates that the technique can be extended to practically any X-linked locus provided a suitable polymorphism is available. While all the polymorphisms employed in this study were either mini or microsatellites, in principle any form of polymorphism can be used. The most commonly employed method of determining the activity of X-linked genes at present is the detection of X chromosome specific transcripts from human-mouse somatic cell hybrids retaining an inactive human X chromosome as its only human component. This approach, however, suffers from the possible disadvantage that the inactivation status may be altered by prolonged propagation in tissue culture. An extensive, recent study of 33 X-linked genes revealed that a high proportion, perhaps as much as a quarter, may escape inactivation. 15 Another finding was the heterogeneity of expression of some genes which were only inactivated in a subset of cell lines. This phenomenon may reflect in vivo heterogeneity of inactivation between individual cells, of which very little is known. Despite the known instability of the inactive X chromosome in somatic cell hybrids, 21 the level of heterogeneity observed appears to be too high to be accounted for in this manner. The method developed in this study, based as it is on clonal cell lines, will provide a complementary approach towards resolving this issue as well as determining the inactivation status of more X-linked genes. Significantly, the inactivation status of ESTs chosen at random, 15, 19 show a high percentage of escape from inactivation at levels similar to that which we have observed with the DXS977E locus. The actual number of genes escaping inactivation in the human X chromosome, at least to a partial extent, may therefore be substantial.
